INTRODUCTION
The eects of total sleep deprivation (TSD) on cognitive performance have been of interest for over 100 years (Patrick and Gilbert 1896) . Leading theories suggest cerebral dysfunction (e.g. impaired attention or localized decreases in metabolic rate) may explain the de®cits often seen in cognitive performance following TSD (Dinges and Kribbs 1991; Horne 1993) . These dysfunctions should be measurable with functional brain imaging techniques as decreased cerebral activation during cognitive performance. In contrast, we recently proposed that certain cognitive tasks might also increase activation in speci®c brain regions as a compensatory response to TSD (Drummond et al. 2000) .
In the previous report, we measured performance on a verbal learning task after 35 h TSD and after a normal night of sleep. We found increased activation as measured with functional magnetic resonance imaging (FMRI) bilaterally in both the prefrontal cortex and the parietal lobes following TSD (Drummond et al. 2000) . Activation within the left inferior frontal gyrus at Brodmann's Area (BA) 47 was positively correlated with increased subjective levels of sleepiness after TSD. Activation within speci®c areas of the parietal lobes, including those hypothesized as involved in verbal short-term memory, was directly correlated with free SUMMARY We recently reported that the brain showed greater responsiveness to some cognitive demands following total sleep deprivation (TSD). Speci®cally, verbal learning led to increased cerebral activation following TSD while arithmetic resulted in decreased activation. Here we report data from a divided attention task that combined verbal learning and arithmetic. Thirteen normal control subjects performed the task while undergoing functional magnetic resonance imaging (FMRI) scans after a normal night of sleep and following 35 h TSD. Behaviourally, subjects showed only modest impairments following TSD. With respect to cerebral activation, the results showed (a) increased activation in the prefrontal cortex and parietal lobes, particularly in the right hemisphere, following TSD, (b) activation in left inferior frontal gyrus correlated with increased subjective sleepiness after TSD, and (c) activation in bilateral parietal lobes correlated with the extent of intact memory performance after TSD. Many of the brain regions showing a greater response after TSD compared with normal sleep are thought to be involved in control of attention. These data imply that the divided attention task required more attentional resources (speci®cally, performance monitoring and sustained attention) following TSD than after normal sleep. Other neuroimaging results may relate to the verbal learning and/or arithmetic demands of the task. This is the ®rst study to examine divided attention performance after TSD with neuroimaging and supports our previous suggestion that the brain may be more plastic during cognitive performance following TSD than previously thought. KEYWORDS divided attention, FMRI, parietal lobes, prefrontal cortex, sleep deprivation recall performance. In contrast to this verbal learning task, TSD decreased cerebral activation throughout the brain, including bilaterally in both the prefrontal cortex and the parietal lobes, during arithmetic performance (Drummond et al. 1999) .
Here we present data from a task that combined the previously reported verbal learning and arithmetic tasks. The task compared the blood oxygen level dependent (BOLD) signal during a condition where subjects alternatingly memorized words and performed serial subtraction to a condition where they alternatingly memorized words and counted forward by 1's. The task is a variant on the classic Brown± Peterson paradigm (Brown 1958; Peterson and Peterson 1959) . Traditionally, this paradigm involves the presentation of a stimulus to be learned, followed by a period where individuals perform a distracting task, such as arithmetic calculations. The arithmetic distraction task diminishes verbal learning performance by interrupting the crucial rehearsal period within 5 s of item presentation (Crowder 1976) . Increasing the diculty of arithmetic increases the level of interference and therefore decreases memory performance even more (Dillon and Reid 1969; Nakajima and Sato 1989) . Contemporary theoretical accounts of this task attribute forgetting to competition for processing resources, as individuals attempt to divide attention between the rehearsal and arithmetic subtasks during the distraction interval (Ashcraft 1989, p. 148) . Total sleep deprivation may diminish performance on such divided attention tasks through impairing the ability to switch attention between the two subtasks (Fisher 1980) or impairing the ability to attend to novel stimuli involved with the new subtask (McCarthy and Waters 1997) . Typically, performance is not equally impaired on both subtasks (Bishop et al. 1997; Bohnen and Gaillard 1994; Fisher 1980) . Our goal with this task was to determine if varying the level of interference with verbal learning, and thus varying the cognitive load associated with divided attention, would produce a pattern of cerebral activation after TSD consistent with that observed during verbal learning alone, during arithmetic alone, or a pattern dissimilar to both.
METHODS
Thirteen normal control individuals (7 M, 6 F; age: = 27.24.4 years; mean education 16.51.4 years) participated after providing written informed consent. Four cognitive tasks were administered twice while undergoing FMRI scans: once after a normal night of sleep and once following a mean of 35 h of total TSD. The nights occurred in a counter balanced fashion. Two cognitive tasks have been previously reported (Drummond et al. 1999 (Drummond et al. , 2000 . Here we report a third task from this larger study that combined the previously reported verbal learning and arithmetic tasks into a divided attention task.
The cognitive task alternated between four experimental and ®ve baseline blocks, starting and ending with a baseline block (each block 40 s; total trial 360 s). Following Dillon and Reid (1969) and colleagues, we used arithmetic to manipulate the opportunity for rehearsal while subjects memorized words. During the experimental blocks, subjects memorized words and performed serial subtractions. During the baseline blocks, subjects memorized words and counted forward by 1's. The increased diculty of the arithmetic subtask in the experimental condition should have made memorization of the words more dicult (Dillon and Reid 1969; Nakajima and Sato 1989 ). This design varied the level of interference with rehearsal while equating the cognitive processes involved in the two task conditions to a greater extent than would a design comparing the combined verbal/arithmetic task with a verbal learning baseline. This design does not allow us to tease apart the hemodynamic response to the word vs. math presentations, but that was not our aim. Rather, the task compared the BOLD signal associated with dicult divided attention task (verbal learning with subtraction) to an easier divided attention task (verbal learning with counting) using experimental methods studied by others (Dillon and Reid 1969; Nakajima and Sato 1989) .
For the experimental condition, a word was shown for 4 s followed by serial subtraction for 4 s. Participants were instructed to memorize the words. Serial subtraction consisted of a random three-digit number presented for 1 s from which subjects were to continuously subtract either 6, 7, 8 or 9 (determined randomly for each subject before the study began). This`seed' number was followed by a second threedigit number presented for 1.5 s. The participant determined, and responded via a button box, whether the second number was the correct answer to the question,`Does the seed number minus (6, 7, 8 or 9) equal the second number?' A third number appeared for 1.5 s and the participant answered the same question, but used the second number as the neẁ seed.' The baseline condition was identical visually to the experimental condition. The dierence was that participants consecutively added 1 to the`seed' number. Participants were instructed that both conditions and each subtask were equally important and they were to memorize as many words as possible as well as answer the arithmetic problems as quickly and accurately as possible. The proportions of arithmetic problems answered correctly, incorrectly, and omitted, as well as reaction times, were recorded on-line. Outside of the magnet, subjects were administered recognition and free recall memory tests for the words presented throughout the study and four self-report measures. These included the Stanford Sleepiness Scale (Hoddes et al. 1973) and 5-point Lickert scales measuring (a) participants' abilities to concentrate on the task, (b) their impression of task diculty, and (c) the amount of eort exerted on the task.
All images were acquired with a 1.5T GE Signa scanner. Functional scans consisted of 90 repetitions of echo planar images using a gradient recalled echo protocol acquired continuously on 20 slices covering the entire brain (TR 4000 ms, TE 40 ms, FOV 24 cm, image matrix 64´64, in-plane size 3.75 mm images were acquired to aid in activation localization. Analyses were conducted with AFNI software (Cox 1996) . After motion correction, the functional time-course data from each voxel were correlated with a series of 13 reference functions ± one seed reference function representing the alternating time course of the experimental and baseline blocks of the cognitive task and the same reference function shifted in 1-s increments six times both forward and backward in time (Bandettini et al. 1993) . Only the reference function producing the highest correlation with the time-course data was used. Shifting the reference function takes into account the delays in onset of the hemodynamic response and in the acquisition of the ®rst and ®nal slices (Cohen 1997) . We then transformed individual datasets into standard atlas space (Talairach and Tournoux 1988) and applied spatial smoothing with a Gaussian kernal of 3.75 mm full-width-half-maximum prior to group analyses.
Analyses focused on three issues. First, areas of signi®cant activation were identi®ed for each night separately. The regions of the brain that`activate' on these within night analyses are those that are more responsive (i.e. have a greater BOLD response) to the cognitive demands of the experimental condition compared with the baseline condition. Secondly, the two nights were directly compared to identify regions that were signi®cantly more responsive to the cognitive task after one night compared with the other. These between nights analyses represent an interaction between task condition (experimental vs. baseline) and night (normal vs. TSD). The regions reported as`activated' are those that show greater dierential responsiveness to the demands of the experimental condition following one night than they do following the other. Third was a series of regression analyses aimed at relating cognitive performance to cerebral activation. For the normal night, we regressed cerebral activation data onto the number of words correctly recalled and the number of incorrect arithmetic problems (coded such that positive regression coecients related increased activation to better performance) during the serial subtraction condition. Note that omitted responses were not counted as incorrect responses so that the numbers of incorrect and correct responses were not strictly collinear. Regression analyses of words recalled and arithmetic accuracy were carried out separately because, due to technical problems, arithmetic response data was lost for two subjects. For the TSD night, we added subjective sleepiness and the independent variables were the normal night values subtracted from the TSD night values (i.e. a change score that helped control for basal levels of sleepiness and behavioural performance, respectively). As we aimed to understand better the relationship between activated brain regions and performance, we limited these analyses to those brain regions that were signi®cantly activated on the separate within night analyses (analysis no. 1). A cluster thresholding method (Forman et al. 1995) was used to protect against type I errors and resulted in a ®nal per-voxel P-value 0.0005 (one-sided for analysis 1 and 3) or 0.001 (two-sided for analysis 2). Table 1 presents behavioral and subjective rating data for each night. Delayed memory performance did not dier signi®-cantly between words presented on the experimental and baseline conditions of the task on either night. Thus, memory performance for words from both task conditions was combined on each night. Subjects did not show a signi®cant decrease in either recognition memory performance or free recall memory performance following TSD compared with the normal night. This lack of condition or night eect is probably because of¯oor eects secondary to our measurement of delayed recall, as this paradigm is traditionally used to measure short-term memory (Brown 1958; Dillon and Reid 1969; Nakajima and Sato 1989; Peterson and Peterson 1959) . To test this, we administered this task, outside the magnet, to an additional eight well-rested participants (age: 255 years, education: 161 years) and immediately administered the memory tests. Participants recalled signi®cantly more words following the baseline counting condition than following the experimental subtraction condition (7.64.8 vs. 4.83.1, P 0.02), and recognition memory was non-signi®cantly better for baseline words (d¢: 2.51.3 vs. 2.11.1). This result suggests the two conditions in this task dierentially aected verbal learning when the FMRI scans were acquired and supports Ashcraft's (1989) assertion that the two subtasks of the memory-distractor paradigm are not performed independent of one another.
RESULTS
To account for the correlations among our arithmetic dependent measures, we used a MANOVA with the two types of errors (incorrect and omitted responses) as dependent measures. As was the case when we studied arithmetic alone (Drummond et al. 1999) , the condition by night interaction was not signi®cant for arithmetic, suggesting TSD did not dierentially aect the two levels of the arithmetic subtask. However, the MANOVA showed a signi®cant condition eect (P 0.007) and a near-signi®cant time eect (P 0.087). Verbal memory data are averaged across baseline and experimental conditions; SD, standard deviation; *Between night t-test P < 0.05; **between night t-test P < 0.01; Subjective measures rated on a 5-point Lickert scale where 1 was low and 5 was high.
Both of these eects were the result of incorrect answers, which increased in the serial subtraction condition (univariate ANOVA P 0.001) and following TSD (univariate ANOVA P 0.023). Thus, only serial subtraction is shown in the Table. With respect to the self-report measures, subjects reported signi®cantly decreased concentration following TSD, but no signi®cant change in the level of perceived task diculty or eort provided during the performance of this task. Self-reported levels of sleepiness increased signi®cantly following TSD. Table 2 shows cerebral areas signi®cantly activated after the normal night of sleep and following TSD, as well as those areas signi®cantly more activated after TSD compared with after normal sleep. After normal sleep six brain regions showed a signi®cantly greater response to the experimental condition of this task compared with the baseline condition (Fig. 1 top) . Following TSD, areas within the bilateral prefrontal cortex and parietal lobes showed a signi®cant response, although they did not after normal sleep (Fig. 1 middle) . Furthermore, several additional regions, mostly within the right prefrontal cortex, showed greater levels of activation when TSD was compared directly with the normal night of sleep (between nights analysis, Fig. 1 bottom) . In contrast, very few regions showed greater activation after normal sleep compared with TSD [i.e. left premotor cortex (BA6), right parahippocampal gyrus and left cerebellum].
Regression analyses revealed that none of the brain regions signi®cantly activated after normal sleep correlated with either memory performance or arithmetic performance. Following TSD, lower levels of impairment in free recall performance (i.e. greater relative preservation of performance) were correlated with greater activation in the left inferior parietal/superior temporal gyri (BA39/22) and the right inferior parietal lobe (BA39). There was no relationship between cerebral activation and arithmetic performance, perceived level of diculty or eort. Greater increases in subjective sleepiness after TSD were signi®cantly correlated with greater activation in the left inferior frontal (BA11/47), left anterior cingulate (BA32), and left middle temporal gyri (BA21) and medial cerebellum.
DISCUSSION
The task reported here contrasted BOLD signal response between two levels of a divided attention task before and after TSD. The task involved a baseline of memorization and counting forward by 1's and an experimental condition of For all images, group functional data are superimposed onto the averaged anatomical image. Brain regions exceeding the signi®cance threshold described in the Methods are colored red. On some slices small pink areas can be seen and represent activation lying medial to the surface shown.Top: within night analysis for the normal night of sleep. These regions showed a greater response to the experimental vs. baseline condition after a normal night of sleep. The slice location (relative to the anterior commisure-posterior commisure line) and regions of activation depicted are: left ± 36 mm superior (none); middle ± 44 mm left (middle and inferior occipital gyri, cerebellum); right ± 13 mm anterior (left inferior frontal gyrus). Middle: within night analysis for TSD night. These regions showed a greater response to the experimental vs. baseline condition after TSD. The slice location (relative to the anterior commisure-posterior commisure line) and regions of activation depicted are: left ± 36 mm superior (medial anterior cingulate, B parietal lobes, precuneus, cuneus); middle ± 44 mm left (premotor area, inferior frontal gyrus, inferior parietal/superior temporal lobes); right ± 13 mm anterior (medial premotor area, medial anterior cingulate, left inferior frontal gyrus). Bottom: between nights analysis. These regions showed a greater response after TSD compared with the normal night of Sleep. The slice location (relative to the anterior commisure-posterior commisure line) and regions of activation depicted are: left ± 25 mm superior (right superior frontal and inferior frontal gyri, left inferior parietal lobe); middle ± 6 mm right (cingulate gyrus, anterior cingulate, superior frontal gyrus); right ± 44 mm anterior (bilateral superior frontal gyri, anterior cingulate).
1998), although few neuroimaging studies have examined attention-switching tasks. In addition, the region activated on both nights (i.e. left inferior frontal gyrus BA6/44) covered a greater spatial extent after TSD. Thus, as in our verbal learning task previously reported (Drummond et al. 2000) , this divided attention task activated brain regions following TSD that were not activated after a normal night of sleep, and these additional regions were located in both the prefrontal cortex and the parietal lobes. These results can be understood in the context of other TSD and other neuroimaging studies of divided attention. TSD studies (Bishop et al. 1997; Bohnen and Gaillard 1994; Fisher 1980) report that one of the two subtasks in attention-shifting paradigms is more impaired after TSD. Here, both subtasks showed only modest decrements in performance, although arithmetic appeared slightly more aected by TSD rather than verbal learning. With respect to cerebral activation data, recall that after normal sleep, few attention-related brain regions showed a signi®cant dierential response to the experimental condition compared with the baseline condition. This implies that the two task conditions required roughly equal attentional resources after normal sleep. In contrast, several brain regions reportedly related to attention showed signi®cantly greater responses after TSD. This suggests that, following TSD, the experimental condition required greater attentional resources than the baseline condition.
The increased activation following TSD may represent the recruitment of additional cognitive resources and may help explain why performance was not more impaired. Such a notion is consistent with Portas et al.'s (1998) report of increased thalamic activation after TSD during intact performance of a simple visual attention task, as well as Bohnen and Gaillard's (1994) conclusion that divided attention tasks are more attention demanding after TSD. The brain regions involved here (see Table 1 , bottom) provide clues to the speci®c processes upon which individuals may rely more heavily after TSD. The anterior cingulate monitors performance when errors are more likely (Carter et al. 1998) , a situation typical of post-TSD performance. The right prefrontal cortex is involved in most sustained attention tasks (Cabeza and Nyberg 2000) . The greater response of this region after TSD suggests participants required more sustained attention to memorizeplus-subtract than they did to memorize-plus-count, but only after TSD. Thus, relatively intact performance of dicult divided attention tasks after TSD appears to require increased performance monitoring and sustained attention than performance of the same task after normal sleep.
While this task clearly required attention, the neuroimaging data may have been the result of one of the two subtasks rather than the attention-demanding nature of the overall task. Speci®cally, as arithmetic diculty was manipulated across task conditions, the increased diculty in the experimental condition may have accounted for the ®ndings. Contrary to this is the fact that there was no interaction between task condition (i.e. counting vs. subtraction) and night (normal vs. TSD) for arithmetic. As the brain regions showing a greater response to task demands after TSD compared with after normal sleep were identi®ed with this same statistical interaction, one would have expected arithmetic to behave dierentally (i.e. serial subtraction and counting dierentially aected by TSD), if it were to account for the neuroimaging data. Also, arithmetic performance did not correlate with cerebral activation on either night. Nonetheless, the pattern of activation reported here after TSD shares anatomical similarities with the bilateral fronto-parietal network for arithmetic performance reported by others (Dehaene et al. 1996 (Dehaene et al. , 1999 Rueckert et al. 1996) . Upon closer inspection, although, the overlap with our speci®c centres of activation is minimal and these reports show relatively stronger left hemisphere activation (particularly in the frontal regions), the post-TSD pattern reported here is relatively right lateralized. Furthermore, we have shown with these same subjects that cerebral activation in response to the arithmetic subtask decreases throughout the fronto-parietal arithmetic network following TSD (Drummond et al. 1999) , in contrast to the increases seen here.
Alternatively, the verbal learning subtask may account for some of the cerebral activation data. Speci®cally, after normal sleep, the pattern of activation observed is more similar to that expected with verbal learning than with arithmetic. Additionally, after TSD there is a high degree of similarity between these ®ndings and those we previously reported for verbal learning alone after TSD. After TSD, both tasks showed (a) increased levels of activation within the bilateral prefrontal cortex and parietal lobes, (b) a signi®cant relationship between increased subjective levels of sleepiness following TSD and activation within the left inferior frontal gyrus at BA47, and (c) a signi®cant relationship between lower levels of impairment in free recall memory performance and activation within the bilateral parietal lobes. This last ®nding in particular suggests that at least some of the TSD ®ndings may relate to the verbal learning component of this task. Additionally, the imaging analyses highlighted brain regions involved in verbal learning during increased distraction and the post-TSD ®nd-ings overlap with those reported by ourselves and others during verbal learning with various types of distraction (Drummond et al. 1998; Fletcher et al. 1995; Iidaka et al. 2000) and, more generally, dual task performance (D'Esposito et al. 1995) . This point supports a role for both the verbal learning and the attentional components of this task. Running contrary to a role for verbal learning are the facts that verbal learning occurred in both conditions, and there was no interaction between task condition and night on either memory measure. However, the lack of an interaction may have been because of¯oor eects, as discussed above. The fact this paradigm results in dierential memory performance for the two conditions when immediate memory is measured (see above) suggests the potential for such an interaction.
The exact neural mechanisms and cognitive constructs underlying cerebral and behavioral responses during cognitive performance following TSD await full explanation. Boynton et al. (1996) have shown the BOLD response, the index of cerebral activation measured here, is directly related to the average local neuronal ®ring rate. Why the ®ring rate increases in one part of the brain in response to one cognitive task and not another is not fully known, but is believed to be related to associated cognitive demands and the specialization of various brain regions. We address this issue in the context of TSD elsewhere and suggest a hypothesis stating that speci®c cognitive demands placed on an individual determine the cerebral response pattern following sleep deprivation (Drummond and Brown, in press). For example, the increased BOLD signal observed in the left inferior frontal gyrus may re¯ect increased sleepiness with TSD while the increased parietal lobe activation may relate to the language aspects of many cognitive tasks. Nonetheless, it is unclear how speci®c increases and decreases in metabolism and ®ring rates of various groups of neurons translate into new brain regions coming`on-line' to participate in task performance, whether these new activations are seen after TSD, in Alzheimer's disease (Bookheimer et al. 2000) , or Huntington's disease (Dierks et al. 1998) . This is the ®rst study, to our knowledge, to examine divided attention performance following TSD with neuroimaging techniques. The data show that the brain appears to recruit additional cognitive resources during the performance of a divided attention task following TSD compared with after normal sleep. These additional resources are most likely related to the attentional demands of the task, but may also relate to the speci®c arithmetic and/or verbal learning components. The ®ndings also replicate our previous report (Drummond et al. 2000) of increased activation in bilateral frontal and parietal regions during cognitive performance following TSD, as well as the speci®c associations of sleepiness and free recall performance with increased activation in left inferior frontal gyrus and bilateral parietal lobes, respectively. These two reports point to a plasticity in brain function after TSD that may help us understand the complex eects of sleep loss. Further research may help us make better decisions about which jobs can be performed after sleep loss and which cannot.
